The influenza surface glycoprotein hemagglutinin (HA) is a potential target for antiviral drugs because of its key roles in the initial stages of infection: receptor binding and the fusion of virus and cell membranes. The structure of HA in complex with a known inhibitor of membrane fusion and virus infectivity, tert-butyl hydroquinone (TBHQ), shows that the inhibitor binds in a hydrophobic pocket formed at an interface between HA monomers. Occupation of this site by TBHQ stabilizes the neutral pH structure through intersubunit and intrasubunit interactions that presumably inhibit the conformational rearrangements required for membrane fusion. The nature of the binding site suggests routes for the chemical modification of TBHQ that could lead to the development of more potent inhibitors of membrane fusion and potential anti-influenza drugs.
I
nf luenza A virus membranes contain 3 proteins: hemagglutinin (HA), neuraminidase (NA), and the proton channel (M2). HA is responsible during the initial stages of infection for sialic acid-receptor binding and, after virus uptake into endosomes, for fusion of virus and cell membranes (1) . M2 transfers protons into the infecting virus in endosomes, and at acidic pH the matrix protein, M1, is dissociated from the genome-transcriptase complex, so that the uncoated complex is transported to the nucleus after membrane fusion (2) . At the end of infection, NA cleaves sialic acid from virus and cell glycoconjugates to ensure release of newly-made viruses from infected cells (3) . Both M2 and NA are targets of current anti-inf luenza drugs (4 -6) . The proton channel, M2, is blocked by the drugs amantadine and rimantadine, and NA is inhibited by the drugs zanamivir and oseltamivir. All 4 drugs are effective upon prompt administration after infection or prophylactically, but concern has been raised by the isolation of viable mutant viruses that are resistant to them (7) (8) (9) (10) (11) . There is therefore a need to develop new antivirals to act on additional virus targets. Their availability would make possible drug combination therapies to avoid the selection of resistant viruses, a strategy that has been successful in highly active antiretroviral therapy against HIV (12) and was recently reported for the combined use of amantadine and oseltamivir against inf luenza (13) . To address the need for new antivirals against inf luenza a number of studies have been made of inhibitors of the receptor binding or membrane fusion activities of HA, particularly the latter (14 -17) .
The membrane fusion potential of HA is activated in endosomes at acidic pH by the induction of an irreversible reorganization of HA structure (18, 19) . Comparison of the neutral-pH and fusion-pH structures indicates that at fusion pH the membrane-distal domains of HA dissociate, and extensive structural reorganization occurs that involves extrusion of the ''fusion peptide'' from the interior of the neutral-pH structure, presumably toward the target endosomal membrane with which the virus membrane is to fuse. In its new position in the fusion-pH structure (19) , the fusion peptide is at the N terminus of a new 100-Å-long triple-helical coiledcoil, while the C-terminal membrane anchor is repositioned at the same end of the refolded molecule ( Fig. 1) (20) . Structural similarities between the low-pH form of HA and equivalent regions of the ectodomains of other viral membrane fusion proteins in their postfusion states suggest that this juxtaposition of termini is a common outcome in membrane fusion (1, 21) .
Numerous small molecules have been identified that block virus infectivity by inhibiting the conformational changes required for HA-mediated membrane fusion (14 -16) , and attempts have been made to ''dock'' some of them in silico to potential binding sites on HA. However, the development of more effective compounds has been limited by the lack of crystal structures of relevant HA complexes. Another potential limitation or disincentive to development for some of these compounds is that they appear to be effective against only certain subtypes of HA. Because the HAs of current seasonal inf luenza viruses, H1 and H3, are members of different phylogenetic groups, as are the highly pathogenic viruses of the H5 and H7 subtypes, it will be important to understand the structural basis of drug sensitivity and group specificity.
The 16 subtypes of HA form 5 clades and further segregate into 2 groups (Fig. 2) (22, 23) . Comparison of the available HA structures indicates that they differ on a group-specific basis in regions that are prominent in the changes required for membrane fusion (24, 25) . The fact that some of the fusion inhibitors work only on certain subtypes of HA suggests that they may bind in one of these regions. To explore this possibility we have analyzed by X-ray crystallography the structures of 2 HAs in complex with tert-butyl hydroquinone (TBHQ). This small hydrophobic compound was shown in previous studies to inhibit both the fusion-pH conformational change in H3 subtype HA and viral infectivity at concentrations between 5 and 10 m (15). Our results show that TBHQ binds at a largely hydrophobic interface between HA monomers. They also show how the binding site is formed in just 1 of the 2 phylogenetic groups of HA and that the interactions between the inhibitor and the HA trimer would be expected to increase the stability of the complex and hence account for the mechanism of action of the inhibitor.
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Results
We have determined the crystal structures of TBHQ bound to an H14 [A/mallard/Astrakhan/263/1982(H14N5)] HA and an H3 (X31) HA. H14 and H3 are in the same clade within group 2 HAs (Fig. 2) and share 60% sequence identity overall and 87% within HA2. The native crystal structure of H14 HA was solved by molecular replacement using H3 HA as a search model and, as expected from the sequence similarity, they have very similar structures (rmsd of 0.6 Å for 459 C␣ atoms).
Location of TBHQ Binding Site. Crystals of H14 HA soaked in a 5 mM solution of TBHQ for 30 min diffracted to a Bragg spacing of Ͼ2.5 Å. From in silico docking analyses TBHQ was suggested to bind to HA in a cavity near the fusion peptide (15); however, electron density maps ( Fig. 3 A and B) clearly showed the compound bound uniquely, adjacent to the C terminus of the short ␣-helix of the HA2 ␣-helical hairpin (Fig. 3A) . TBHQ was manually positioned into the electron density and then subjected to standard crystallographic refinement. The thermal factors for the atoms of TBHQ refined to similar values to those of the surrounding protein atoms, indicating that high site occupancy had been achieved.
The TBHQ binding site is located at the interface between 2 monomers of the HA trimer, and there are therefore 3 TBHQ sites per trimer (Fig. 3B ). The site is formed by residues from the long HA2 ␣-helices of each monomer (monomer 1 is colored in yellow and monomer 2 in green in Fig. 3 ) and from the short HA2 ␣-helix of monomer 2. Monomer 1 also fills in the bottom of the site via residue 29 1 of the highly conserved ␤-hairpin of HA1 (residues 26 -34) . The interactions between TBHQ and HA are predominantly (85%) hydrophobic, largely accounted for by the highly hydrophobic base of the site, comprising the group-conserved residues Leu-29 1 , Leu-98 2 , and Ala-101 2 of monomer 1, and Leu-55 2 and Leu-99 2 of monomer 2, into which the tert-butyl group of TBHQ packs (18) (Left) and after incubation at fusion pH (pH 5.0, 20°) (19) (Right). The disulfide-linked polypeptide chains, HA1 and HA2, are colored blue and multicolored, respectively. Their N and C termini are labeled N1, C1, and N2, C2, respectively. The fusion pH diagram was constructed by combining the HA1 domain structure (39) and the fusion pH HA2 structure (20) . Comparison of the diagrams shows that at fusion pH the HA1 membrane distal domains (blue) detrimerize. The fusion peptide at the N terminus of HA2 (gray) is relocated to become the N terminus of a new 100-Å-long ␣-helix that forms a triple-helical coiled-coil in the fusion pH trimer. Each monomer of the new coiled-coil is composed of the repositioned (turned through 180°) short ␣-helix (red) from the neutral pH ␣-helical hairpin (red-orange-yellow); the interhelical extended chain of the hairpin (orange), refolded into an ␣-helix; and the N-terminal half (yellow) of the central, neutral pH, long ␣-helix. Two turns (green) of the central, neutral pH long ␣-helix refold at fusion pH to form a 180°reverse turn at the C terminus of the new coiled-coil. As a consequence the C-terminal half of the neutral pH long ␣-helix (dark blue) and the C-terminal region of HA2 (purple) are reoriented and refolded in the fusion pH structure, antiparallel to the new ␣-helix and packed into the grooves of the coiled-coil, positioning the C-terminal membrane anchor at the same end of the fusion pH HA as the relocated fusion peptide (dashed lines indicate regions of structure that are not determined). The numbered residues in HA2, 58, 75, and 106 are in regions that differ in structure between group 1 and group 2 HAs.
Fig. 2.
Phylogenetic tree of influenza A HAs. The 2 groups are colored cyan (group 1) and green (group 2), each of which can be further subdivided into 3 clades (H8, H9, and H12; H1, H2, H5, and H6; H11, H13, and H16) and 2 clades (H3, H4, and H14; H7, H10, and H15). The tree was drawn by using the program TreeIllustrator (40).
(subscript 1 denotes a residue from HA1 and subscript 2 denotes a residue from HA2). There are 3 ionizable amino acids associated with the site: Arg-54 2 and Glu-57 2 from monomer 2 and Glu-97 2 from monomer 1. The conformations of Arg-54 2 and Glu-97 2 are such that the aliphatic parts of their side chains face the binding site, whereas the ionizable groups are oriented away from it. Indeed, the aliphatic side chain of Glu-97 2 packs across the face of the quinone ring of TBHQ. In contrast, the carboxyl group of Glu-57 2 is involved in a hydrogen-bond network with both the side chain and the main-chain carbonyl of Arg-54 2 , and with the O1 oxygen of TBHQ. The other oxygen atom of TBHQ, O2, makes a hydrogen bond with the main-chain amide of Leu-98 2 (Fig.  3C) . Presumably, these hydrogen bonds through which the short and long ␣-helices of the site are bridged, together with the hydrophobic interactions, enhance the stability of the HA trimer. Only O1 and the top of the quinone ring of bound TBHQ are partially accessible to solvent, because 90% of the surface area of TBHQ is solvent inaccessible. The binding site has a normalized complementarity of 0.7 (a value of 1 representing a perfect fit) (26) .
To establish whether this binding site is conserved in other group 2 HAs we determined the cocrystal structure of TBHQ in complex with X31 H3 HA. The resolution of the diffraction data obtained was lower by comparison with the H14 data. The resulting electron density maps were of good quality, and strong difference density for TBHQ was apparent in the same site as in H14 [supporting information (SI) Fig. S1 ]. We are therefore, confident that the detailed description of the molecular interactions of TBHQ from the high-resolution H14 structure will be indicative of TBHQ binding to all group 2 HAs that have highly conserved structures in this region (24) .
To establish the mechanism of action of TBHQ thermal shift assays were performed in the presence and absence of TBHQ. Fig. 4 shows that there is a 3°C upward shift in melting temperature (T m ) for X31 H3 HA in the presence of 1 mM TBHQ, demonstrating a significant stabilization of X31 H3 HA by TBHQ binding. Structural Basis of the Specificity for Group 2 HAs. As shown in Fig.  2 , the 5 phylogenetic clades of HA fall into 2 groups. Previous studies have shown that membrane fusion by H3, but not H1, HAs is inhibited by TBHQ, suggesting that TBHQ may be a group 2-specific inhibitor (27) . Comparison of the crystal structures of group 1 and group 2 HAs in the vicinity of the TBHQ binding site reveals important structural differences that could account for the group-specific activity of the compound (Fig. 5) .
In group 1 HAs access, to what would be the TBHQ binding site, is blocked because of an extra turn at the C terminus of the short ␣-helix (residues 56 -58). This additional turn of helix in group 1 HAs results from the formation of an intermonomer salt bridge between Lys-58 2 and Glu-97 2 . In group 2 HAs this interaction is not made (although Lys-58 2 is conserved in all HAs) because Glu-97 2 prefers to form a salt bridge with the group 2-conserved residue Arg-54 2 . Consequently, Lys-58 2 is not well ordered in group 2 HAs, and the TBHQ site is accessible.
Discussion
By X-ray crystallographic analyses of HA-inhibitor complexes we have shown that the inhibitor of inf luenza virus-mediated membrane fusion, TBHQ, binds to HA at 3 identical sites, cross-linking the trimer through interactions at each site with the long central ␣-helices of 2 monomers and the short ␣-helix of one of them (Fig. 3) . As a consequence, TBHQ binding stabilizes the neutral pH conformation of HA, rendering it membrane fusion inactive. Our description of the mode of TBHQ binding, together with the report that TBHQ inhibits membrane fusion at a concentration of Ͻ20 m (15), suggest that development of an effective antiviral drug with the necessary potency may be possible. For example, modification of the tert-butyl group to improve hydrophobic interactions and the creation of additional polar interactions may lead to increased efficacy. The structure also shows that space for larger/additional polar substituents on TBHQ exists in the membrane distal region of the site, near residue Thr-59 2 , which is highly polar and thus might be exploited in a structure-based drug design program. It has been shown that drug-like molecules require a balance between polar and hydrophobic properties.
Support for the proposal that the mechanism of inhibition of membrane fusion by TBHQ results from stabilizing the nonactivated conformation of HA is provided by mutation data. These data show that resistance mutations that destabilize the neutral pH conformation of HA counteract the stabilizing effect of TBHQ binding. Unlike other mutations in HA that map directly to the site of action and have been used to identify directly the sialic acid receptor binding site (28) and sites to which infectivity-neutralizing antibodies bind (29) , the TBHQresistant mutations do not map to the TBHQ-binding site described here. Instead they involve mainly residues that interact with the fusion peptide (15) . The phenotypes of these mutants included increases in the pH of membrane fusion. The amino acid substitutions involved (Asp-112 3 Gly, Asp-112 3 Asn, and Lys-117 3 Glu) are the same as reported from studies of lysosomotropic membrane fusion inhibitors, such as amantadine in vivo (30) . In those cases the pH of fusion and the thermal stability of the mutant HAs were strongly correlated; the higher the pH of fusion, the lower the T m , and vice versa, implying that their mode of action was the destabilization of the neutral form of HA.
The TBHQ binding site we have described highlights the importance of the region near residue 58 2 (Fig. 5) at the C terminus of the short helix of the ␣-helical hairpin of HA2, in the low pH-mediated structural change in HA required for membrane fusion. It is particularly interesting that group 1 and group 2 HAs adopt different structures in this region and that group 2 HAs are sensitive to TBHQ, whereas group 1 HAs are not. Other group-specific structural features near the C terminus of the long ␣-helix of the ␣-helical hairpin (residue 75 2 ) and near the C terminus of the fusion peptide (residue 106 2 ) have also been noted before ( Fig. 1) (24) . However, until now, these group-specific differences in HA structure had not been correlated with any group-specific biological properties. The fact that HAs of the 2 groups occupy 2 discrete conformational states, rather than a distribution of forms, demonstrates that these 2 observed forms represent at least local free-energy minima. In this context it is notable that the region containing Lys-58 2 has among the highest thermal factors for any part of the group 2 HA structures but has normal values in group 1 HAs. Clearly, sufficient favorable interactions are generated elsewhere to offset the relatively unstable conformation of the turn around Lys-58 2 . The ability of this region of the structure to adopt 2 discrete conformations may be related to the fact that it plays a key part in the molecules' low pH-induced structural changes, perhaps indicating that details of the refolding pathway may differ for HAs of the different groups.
A further indication of the distinct properties of the 2 phylogenetic groups of HAs is the report of another set of antiviral compounds that inhibit membrane fusion by group 1, but not group 2, HAs (16). The binding sites for these inhibitors have not been determined but it seems likely that they may involve one or another of the group-specific regions of structure already identified near residues 75 2 and 106 2 (Fig. 1) .
Methods
Preparation of X31 H3 HA and H14 HA from A/mallard/Astrakhan/263/1982 grown in hens' eggs was by bromelain digestion as described (31) . H14 HA crystals were grown by vapor diffusion in hanging drops consisting of 2 L of reservoir solution [0.1 M Tris hydrochloride (pH 8.5), 8% (wt/vol) polyethylene glycol 8,000] and 2 L of concentrated protein solution (10 mg/mL in 10 mM Tris⅐HCl, pH 8.0). X31 HA crystals were grown by vapor diffusion in hanging drops consisting of 2 L of reservoir solution (1.9 M ammonium citrate) and 2 L of concentrated protein solution (10 mg/mL in 10 mM Tris⅐HCl, pH 8.0). Native H14 HA data were collected at 100K on an in-house Rigaku-MSC RU200 rotating anode coupled to a RaxisIIc detector. H14 crystals were soaked for Ϸ30 min in 5 mM TBHQ made up in cryo buffer (reservoir solution augmented with 20% glycerol). Data were collected at 100K on an in-house Rigaku Micromax-007 rotating anode with osmic mirrors coupled to a Rigaku RaxisIVϩϩ detector. X31 H3 HA crystals were soaked in 200 M TBHQ for Ϸ30 min, and data were collected on beamline IO3 at the Diamond Light Source (Oxfordshire, U.K.) at 100K with an ADSC Q315 CCD. Diffraction data were integrated by using Denzo and scaled with Scalepack (32). Native H14 HA was solved by molecular replacement with Phaser (33) using H3 HA as a search model. Standard refinement, with Refmac (34) or PHENIX (35) , and manual model building, with O (36), was performed for both H14 structures and X31 H3 structure. Crystallographic statistics are given in Table 1 .
Differential scanning fluorimetry was performed as described (37) using a Bio-Rad iCycler iQ. Briefly, 50 L of reactions containing 5 g of X31 HA, 5X SYPRO Orange (Invitrogen), 100 mM Hepes (pH 7.0), and 150 mM NaCl were arranged in 96-well plates. In addition, 1 L of DMSO was included with or without 50 mM TBHQ (to give a final concentration of 1 mM TBHQ). Samples were incubated at 25°C for 30 s, with temperatures rising by 0.5°C every 30 s for 50 min, while the relative fluorescence units (RFU) were recorded as the temperature increased. T m were calculated from the maxima of the first derivative of RFU/temperature by using Bio-Rad iQ5 software. Experiments were repeated 4 times.
Figs. 1, 3, and 5 were created with PyMOL (38). 
